ABSTRACT GOODMAN, R. E. (University of California, Los Angeles), AND M. J. PICKETT. Delayed lactose fermentation by Enterobacteriaceae. J. Bacteriol. 92:318-327. 1966.-When 171 Citrobacter freundii strains and 14 Paracolobactrum arizonae strains examined, 51 of the C. freundii strains and 13 of the P. arizonae strains were found to be delayed or negative lactose fermenters. Of the slow fermenters, 65 % yielded rapidly fermenting mutants in cultures undergoing delayed fermentation. Lactose fermentation could generally be hastened by increasing lactose concentrations. Many organisms which fermented lactose slowly grew readily on a medium containing lactose as the sole carbon source. Regardless of their ability to ferment lactose, all strains of C. freundii and P. arizonae investigated could be shown to possess 3-galactosidase. Delayed fermenters failed to take up lactose from the culture medium, whereas prompt fermenters did so readily. The ,B-galactosidases of 12 strains of enteric bacteria were studied in crude cell extracts with respect to specific activity, stability, and activity at varying substrate (o-nitrophenyl-3-D-galactopyranoside) concentrations, at varying pH, and in the presence of sodium, potassium, and magnesium. The widely varying specific activities and the approximate similarity of the Michaelis constants (about 2 X 10-4 M) suggested that the strains investigated produced differing amounts of 3-galactosidase. Moreover, qualitative differences in the enzymes provided evidence that these strains synthesized different molecular forms of 3-galactosidase. The results suggested that organisms which ferment lactose only after a prolonged delay do so because they possess multiple defects in their lactose-metabolizing machinery.
Fermentation of lactose has long been used to differentiate between enteric bacteria. Those organisms which ferment the sugar only after a delay ranging from 3 days to many weeks are easily confused with those which do not ferment at all. Early studies of delayed lactose fermentation (15, 25) led to the hypothesis that the delay was a result of a nonfermenting culture giving rise to fermenting mutants. Deere, Dulaney, and Michelson (10) found that Escherichia coli mutabile, grown in the absence of lactose, produced only small amounts of lactase (,3-galactosidase), whereas in the presence of the sugar large amounts of the enzyme were produced. Even the nonfermenting E. coli type, when grown in the presence of lactose, possessed considerable 1 Taken from a dissertation submitted by R. E. Goodman in partial fulfillment of the requirements for the Ph.D. degree, University of California, Los Angeles.
2Present address: Department of Microbiology, School of Medicine, University of Washington, Seattle. lactase (9) . The enzyme was only "active," however, when the cells were disrupted. Thus, the inability of this strain to ferment lactose was due not to the absence of the lactose-splitting enzyme but to a lack of permeability of the cells to the sugar. This phenomenon is termed "crypticity" (6). Deere's (9) study suggested that the change to lactose positivity was probably a mutation to permeability. Similar crypticity and mutative fermentation in a paracolon bacillus have been reported (21, 22) . Mutative fermentation of lactose has also been noted with Shigella sonnei (4, 8) and various members of the Salmonella group (16) .
The rapidity of lactose fermentation may be profoundly influenced by the composition of the medium. Lowe and Evans (22) noted more rapid fermentation of 3 to 5 % lactose in media containing 0.1 % peptone than in media containing 1.0% peptone. Schafler (31) confirmed this observation, and showed that the phenotypic expression of lactose-positive mutants may be retarded in peptone water.
LACTOSE FERMENTATION BY ENTEROBACTERIACEAE
The concept of the lactose (lac) operon and its products (13, 14) leads to several hypotheses for late fermentation of lactose. These may be placed in three groups encompassing permease, ,B-galactosidase, and regulatory functions. The permease defect might be (i) a molecular form of permease which has a low affinity for lactose, (ii) too few "molecules" of permease, or (iii) absence of permease (y-), in which case the sugar presumably would enter the cells by passive diffusion. These three hypotheses have in common the predictions that uptake of lactose would be retarded and that in fermenting cultures acidic end products would slowly accumulate. Permeaseless strains might ferment lactose when autolysis of the culture occurs, allowing the sugar to come in contact with 3-galactosidase, or fermentation might be a result of a y-y+ mutation.
Hypotheses pertaining to f3-galactosidase are: (i) among different strains of bacteria, different molecular forms of ,B-galactosidase may exist, some of which have a low affinity for lactose ( Lactose was assayed by a modification of the anthrone test described by Dische (11) , and protein was assayed by a modification of the procedure of Lowry et al. (23) . Crude extracts were obtained from washed cells which had been grown in aerated synthetic medium (see Table 1 ) or Heart Infusion Broth (Difco) supplemented with 1% lactose. The cells were disintegrated in a Sagers (30) press, and 30 ml or less of 0.02 M sodium phosphate (pH 7.5) was added. Crude extracts were separated from cell debris by centrifugation at 17,000 X g and were stored at -10 C until used. Quantitative assay for ,B-galactosidase was performed by a modification of Lederberg's (18) procedure. The reaction mixture contained 0.00333 M o-nitrophenyl-,3-D-galactopyranoside (ONPG; Calbiochem), the required enzyme dilution, 0.05 M sodium phosphate buffer (pH 7.5), and 0.0016 M MgSO4. In some experiments, 0.01 M mercaptoethanol was present. To determine the thermal stability of j-galactosidase, samples were diluted with Tris buffer [0.05 M tris(hydroxymethyl)aminomethane-maleate, pH 7.5] supplemented with sufficient bovine albumin (Armour fraction V) so that each diluted sample contained 4.33 mg of protein per ml. The buffer-albumin mixture was preheated to the inactivating temperature (prior to addition of enzyme). At 3-min intervals, samples were removed, diluted into cold buffer, and assayed for,-galactosidase activity. To determine the thermal stability of 8-galactosidase in vivo, bacteria were grown at 25 C in an aerated broth medium (IM-4) consisting of: (NH4)2SO4, 3.0 g; MgSO4-7H20, 0.2 g; KH2PO4, 6.12 g; K2HPO4, 9.6 g; CaCl2, 0.01 g; FeSO4c7H20, Samples were taken at 3-min intervals, diluted into cold buffer, and assayed for ,B-galactosidase activity. Medium IM-4, again containing IPTG, was also used for studying the effect of toluene on ,B-galactosidase.
Lactose fermentation. Each inoculum for six different media was 0.1 ml of a suspension obtained by harvesting the overnight growth on a Kligler Iron Agar (KIA) slant with 1 ml of sterile water. The four broth media, A to D (4 ml per 13 by 100 mm test tube), were observed for 20 days before being discarded as negative; with all tubes incubated beyond 3 days, their steel caps (Morton) were replaced by rubber stoppers. The EMB-lac plates were examined after 3 days of incubation, and the number of colonies was estimated. The 2% lactose medium was examined at 6, 24, and 48 hr. When a broth medium showed delayed fermentation, a subculture was plated on EMB-lac or MacConkey agar, and a colony from this was transferred to KIA and, after growth on this medium, was checked in 2% lactose medium for promptness of (i.e., evi- dence of mutative) fermentation. All incubation was at 35 C.
Patterns offermentation. A 400-ml amount of medium A (without pH indicator) in a stoppered 500-ml flask was inoculated with 1 ml of a Heart Infusion Broth culture. The flask was incubated at 35 C for 20 days, samples being removed at intervals by syringe and needle. Each sample was checked for pH and assayed for both extracellular and cellular ,-galactosidase.
Lactose uptake. Washed bacteria, harvested from Heart Infusion Broth (Difco) supplemented with 0.05% NaCl and 0.1 %7 glucose, were suspended in 120 ml of IM-4 (above) and divided into four 30-ml portions. These were aerated at 25 C for 4 hr, two of them with 8 X 10-4 M IPTG. The four cultures were centrifuged, resuspended in a small volume of IM-4, and adjusted to 8 X 1010 cells per milliliter in a total volume of 1 ml. Chloramphenicol was then added to all four. The duplicate induced suspensions and one noninduced suspension then received 1 mg/ml of lactose; the fourth served as conti ol. All suspensions were then incubated at 25 C and assayed at 30 and 60 min for extracellular lactose.
RESULTS
Lactose fermentation. Of 171 strains of C.
freundii, 120 fermented 2% lactose promptly, 32 were "delayed" (more than 6 hr in the 2% lactose medium), and 19 were negative after 2 days of incubation (the tests were routinely discarded at this time). One strain of P. arrizonae fermented lactose promptly and 13 were lactose negative.
Only three strains failed to acidify any of the four broth media (A, B, C, and D) within 20 days. With 128 pairs of tubes, where the only difference between members of a pair was the lactose concentration, fermentation occurred faster in 5% lactose with 113 pairs (88%7), and was absent entirely in 1 % lactose with 12%cl of the pairs. In no case was acid produced with 1 % but not 5 % lactose. Moreover, 58 %O of paired cultures, in which the only difference between members of a pair was the peptone concentration, fermented faster in 0.1 %L7 peptone. For 65% of the strains, presumptive mutants which fermented lactose faster than the parent strain were isolated from tubes showing acid production.
Patterns offermentation. Twenty-one strains of bacteria were selected for investigation on the basis of their differing fermentative reactions in the above experiment. The criterion for fermentation in the present experiment was attainment of a pH of 5.2 in the culture medium. In all cases, there was an initial marked drop in pH observed 5 hr after inoculation. This drop was probably not indicative of lactose fermentation, because by 12 hr the pH usually began to rise and by 1 day reached a level at which it remained, if fermentation was not taking place, or from which The first six of these strains, of which 17 is an example (Fig. 1A) , also failed to yield detectable fl-galactosidase. The other three, however, of which 144 is an example (Fig. iB) , did show fgalactosidase activity which gradually disappeared during the 20-day period of the experiment.
The following strains fermented lactose within 20 days and possessed readily demonstrable (3-galactosidase: C. freundii strains 10, 42, 68, 127, 18, 57, 89, 107, and 142, and P. arizonae strains 1, 3, and 10. The first four, of which C. freundii 10 is an example (Fig. 1C) , showed a gradual but steady drop in pH without an appreciable lag, and a concomitant rise in ,B-galactosidase activity. However, enzyme activity did not continue to rise as the pH dropped, but began to decrease between the 4th and 7th days (Fig. IC) . With the remaining eight strains, of which C. freundli 142 (Fig. 1D ) and P. arizonae 1 (Fig. IE) are examples, the pH began to drop only after a lag ranging from 2 to 12 days (depending on the strain). The finding of a lag preceding the drop in pH offers support for the hypothesis of autolytic fermentation. Moreover, in all cases j-galactosidase activity was detectable before fermentation started but rose sharply when the pH began to fall.
Detection of f3-galactosidase. The slowest fermenters and several apparent nonfermenters, collectively referred to as "weak" strains (28), were selected for further study ( aA blank space indicates that the organism was not tested under the given conditions; a minus sign indicates that no ONP was detected.
bMedium E: (NH4)2SO4, 6 .0 g; MgSO4.7H20, 0.2 g; glycerol, 5.0 ml; lactose, 50.0 g; 0.1 M sodium phosphate buffer (pH 7.3), 500 ml; and deionized water, 500 ml; filter-sterilized. Medium F: Casamino Acids (Difco), 20.0 g; yeast extract (Difco), 1.0 g; glycerol, 5.0 ml; lactose, 50.0 g; and distilled water, 1 liter; pH 7. Medium G: Trypticase Soy Broth (BBL) supplemented with 2% agar, 1% lactose, and 0.1% glucose.
from several groups of Enterobacteriaceae with respect to their ability to take up lactose in 30 and 60 min from the culture medium. Typical results are presented in Table 2 . E. coli strains K-12 and ML-3 (cryptic) were tested as positive and negative permease controls, respectively. It is apparent that K-12, when induced, took up over two thirds of the lactose in 1 hr. The noninduced K-12 suspension did not take up the sugar nor did ML-3, whether induced or noninduced. Of the strains investigated, only C. freundii 2, P. arizonae 15, Proteus rettgeri 3, and E. coli K-12 showed evidence of lactose permeability. All these are prompt fermenters. The remaining strains (including 17 not shown in Table 2 a HI following strain number indicates that the bacteria were grown in Heart Infusion Broth with 1% lactose. Otherwise they were grown in medium E of Table 1. at freezer temperature (-10 C). C. freundii 2 lost about 75% of its activity and P. arizonae 15 lost about 50%. All of the other /-galactosidases appeared to be quite stable. The specific activities varied widely-over two orders of magnitude. Certain strains (e.g., C. freundii 10 and 127) yielded extracts differing 10-fold in activity; no explanation for this was sought.
A convenient comparison for enzymes of like function is provided by their Michaelis constants (Kin) for a given substrate. Toward this end, these enzymes were assayed with substrate concentrations ranging from 4 X 10-I to 8 X 10-4 M, and apparent Km values for ONPG were calculated by the method of Lineweaver and Burk (20) . Table 3 lists the apparent Km values found. They were substantially the same, averaging around 2 X 10-4 M. The differences observed in two extracts of C. freundii 127 were as great as any observed between different fl-galactosidases. Thus, the Km values in Table 3 cannot be considered significantly different.
The effect of varying pH on enzyme activity was investigated with the pH of 0.05 M sodium phosphate buffer ranging from 5 to 8.5. The pH optima in the presence and absence of 0.0016 M magnesium ion are presented in Table 4 . Invariably, the presence of magnesium in the reaction mixture yielded a lower pH optimum than that found when this ion was absent. This confirms a similar observation made with ,Bgalactosidase from E. coli ML 308 (28) . In the present study, when magnesium was omitted all the ,B-galactosidases had about the same pH optimum, approximately 6 a HI following strain number indicates that the bacteria were grown in Heart Infusion Broth with 1% lactose. Otherwise they were grown in medium E of Table 1. in potassium phosphate buffer, values which are similar to that for C. freundii 127 and P. arizonae 15. These authors had no explanation for this but did not think that it was due to two molecular forms of fl-galactosidase in the preparation.] In the presence of magnesium, all enzymes except those of C. freundii 107 HI and 127 had pH optima ranging from 6.6 to 6.9. The two exceptions were somewhat lower.
Lederberg (18) noted that sodium ion was a better activator of ,B-galactosidase than potassium ion for hydrolysis of ONPG in cell-free extracts of E. coh K-12. Enzyme activities of nine extracts were therefore compared in three buffers, all at pH 7. Table 5 . With one or possibly two exceptions, C. freundii 127 and 107 HI, sodium proved to be superior to potassium as an activator. Moreover, in the potassium buffer, magnesium invariably stimulated 3- galactosidase, although the degree of stimulation was quite variable.
Another convenient means of comparing enzymes is to determine their sensitivity to inactivation by heat. Toward this end, 11 fgalactosidases were investigated with respect to their rates of inactivation at several temperatures ( Table 6 ). The enzymes differed markedly with respect to thermostability, ranging from almost complete stability at 55 C (E. coli K-12) to 98% inactivation in 30 min at 46 C (C. freundii 10 HI-2).
GOODMAN AND PICKE1T' Thermal inactivation of f3-galactosidases in vivo. In a preliminary experiment, we found that C. freundii 22 and 82 yielded greater ,3-galactosidase activity when induced at 25 C rather than 37 C. However, because a cell extract of strain 22 possessing 3-galactosidase activity could not be prepared (regardless of the temperature of induction), in vivo experiments were necessary. No attempt was made to prepare active cell extracts of strain 82. Both enzymes were found to be quite thermolabile. The (3-galactosidase of strain 82 was 35% inactivated at 43 C in 3 min, and that of strain 22 was over 90 % inactivated under the same conditions. At 37 C, the figalactosidase of strain 82 was relatively stable, but that of strain 22 was over 90% inactivated in 30 min. None of the #-galactosidases studied in vitro was as sensitive to heat as were those of these two strains. To check the possibility that the in vivo procedure caused a more rapid inactivation of the enzyme than did the in vitro procedure, we tested the f-galactosidases of C. freundii 10 and 127 by the former. The enzyme of strain 10 proved to be completely stable at 43 and 46 C, although it was quite sensitive to these temperatures in vitro. Likewise, the 3-galactosidase of strain 127 was quite stable at 43 and 52 C. Thus, although the data from the in vivo experiments are not directly comparable with those from experiments performed in vitro, it appears that the former procedure enhances the apparent thermal stability. It follows that the enzymes of C. freundii 22 and 82 are extremely heat-sensitive, (27) in delayed fermentation of sucrose by yeasts. They found that sucrase activity remained with the cell debris and was not released into the supernatant fluid. A strain of Shigella dysenteriae was observed by Li, Barksdale, and Garmise (19) to ferment lactose as a result of autolysis mediated by a carried bacteriophage (T7). A similar phenomenon was observed by Coetzee and Hawtrey (5) The widely varying specific activities and the similarity of the Michaelis constants reported here offer presumptive evidence that the strains of Enterobacteriaceae investigated produce differing amounts of ,B-galactosidase. Unfortunately, however, the variation in specific activities of different extracts of single strains was too great to make this any more than an assumption. Yet, it is reasonable to assume that P. arizonae 3 HI, which gave rise to extract with a specific activity of 27, produced fewer molecules of the enzyme per cell than did E. coli K-12, which yielded extract with a specific activity of 8,000. The extracts from strains which fermented lactose promptly tended to have higher specific activities than those from slow fermenters. This supports the hypothesis that rapidity of fermentation is dependent on the amount of f-galactosidase produced. The range of Km observed for the enzymes (1.4 X 10-4 to 3.4 X 10-4 M) is consistent with values reported by other workers for 3-galactosidases of Enterobacteriaceae (1, 17, 18, 33, 36) .
Other findings reveal differences among the enzymes, and we suggest, therefore, that the fgalactosidases considered here represent different molecular forms of the enzyme. Whether or not these differences have relevance for delayed lactose fermentation is debatable. Certainly, strains harboring enzymes as unstable as those of C. freundii 13, 17, 22, and 82 might have difficulty in hydrolyzing lactose, but little can be said about the differences among the remaining enzymes. We may note parenthetically here that the finding of the genetic potential for synthesis of ,B-galactosidase in all strains of C. freundii and P. arizonae examined strongly supports use of the "ONPG test" in clinical bacteriology (28) .
Catabolite repression as a cause of delayed lactose fermentation is not supported by the work reported here. Although fermentation did occur faster if the lactose concentration was increased from 1 to 5%, this was probably a result of the overcoming of a permeability barrier rather than a competition between lactose and a repressor.
Ability to detect /-galactosidase in slow fermenters was related to the complexity of the medium employed for induction; this is contrary to what one would expect if these strains were hypersensitive to catabolite repression.
Mutation appears from our results to be the most frequent cause of delayed fermentation. Of the various kinds of mutation, the most likely, in view of the results mentioned above regarding permease defects, is y-y+. However, other mutations proposed in the introduction are also possible. Perhaps the most important fact here is that mutation is not the sole cause of delayed fermentation; from approximately 35% of the late-fermenting strains investigated, rapid mutants were not isolated.
Evolution of lactose-negative organisms- VOL. 92, 1966 GOODMAN AND PICKE1TJ (deletion) , because ,B-galactosidase could be detected. Possibly the f-galactosidase of this strain is "weaker" than the others studied here, or it may be that C. freundii 17 produces quantitatively less enzyme. Another possibility is that the second lesion is il or o°. This would explain the inability of this strain to be induced and yet allow for low levels of 3-galactosidase to be synthesized. C. freundii 22 is another example of an organism with multiple defects, and in this case their nature is clear. One of the defects must be y-; the other is a very unstable tertiary structure of 13-galactosidase. The defects are apparently repairable by mutation.
